Determination of seismic design forces of structures is performed by the building codes usually using response reduction (or behaviour) factors that incorporate indeterminacy and ductility capacity of lateral bearing systems. In this procedure story drifts are checked as a final design step approximately preventing stories from assuming excessive ductility demands, or seismic damage. If this procedure is reversed, a more logical seismic design approach may be developed by starting with a ductility-controlled procedure. It is the incentive of this research in which by using a large number of earthquakes, first nonlinear acceleration spectra are developed for different levels of ductility demand. Then an energy-based modal procedure is developed in which the system ductility demand is distributed between the important vibration modes based on their contribution. Finally, the developed method is applied to seismic design of several buildings selected from both regular and irregular structural systems. Comparison with a sample code design establishes success of the method in developing a more rational seismic design.
INTRODUCTION
Design of structures in seismic prone areas has been traditionally performed by determining the equivalent lateral forces as a first step. In calculation of the forces, the plastic (or dynamic) indeterminacy and the ductility capacity of the lateral load bearing system of building are inherently taken into account, collectively within a response modification or R factor in most building codes. Generally, the designer has no option but only to use a ready R-factor. The R-factor is reduced by the code directly or indirectly in two cases, for important buildings and for buildings with less-than-usual indeterminacy to account approximately for a smaller level of allowable seismic damage. After a first round of member proportioning, the story drifts are checked to see again approximately if the story ductility demand, or seismic damage, is within the accepted limits. In all, this is a procedure that tries to balance the required stiffness/strength of members with their ductility demand, where reduction of one results in increase of the other. Therefore, the method is iterative in nature. The fact that if the story drift is small the member strengths can be reduced without violating the required gravity strength and story drift limit (and the serviceability level earthquake shaking demands, where applicable), is neglected in this procedure.
It is well known that accepting a certain level of seismic damage, without collapse, is inevitable for an economic, and safe, design in seismic areas. Then it sounds logical that one selects a desired level of seismic damage, or ductility demand, for a certain building and then calculates the required stiffness/strength of building associated with the selected ductility. This procedure is exactly reverse of what is currently being implemented within the force-based seismic design codes. This is perhaps due to the fact that the building codes have been written primarily for design under gravity loads where only stiffness and strength are important. Many attempts have been undertaken to develop new design procedures specific to earthquake loads based on limiting plastic deformations and damage. Generally, the goal of these procedures is to keep the ductile members, or seismic "fuses", from being over-deformed in the plastic range, and to prevent the non-ductile members from assuming any plastic deformation. This is called a performance-based design. A summary of the more relevant efforts undertaken in the last 15 years is given below.
Bertero, R. and V.V. Bertero [1] proposed a comprehensive seismic design approach based on performance. They presented certain performance levels under specific levels of seismic hazard with known probabilities of exceedance. They used the Park-Ang damage index [2] as a tool for quantifying the seismic damage. Also, they developed inelastic spectra for acceleration and displacement based on ductility demand. Medhekar and Kennedy [3] presented inelastic displacement spectra as functions of an equivalent damping ratio that included both viscous and hysteresis damping. They calculated the design base shear associated with an effective period consistent with the required lateral deformation and stiffness of structure.
Borzi et al. [4] also developed inelastic displacement spectra for perfect elasto-plastic and for hysteresis stiffened-softened lateral behaviours. Chopra and Goel [5] discussed the essential aspects of a direct displacement-based design using elastic and inelastic design spectra. Their method included calculating an equivalent damping ratio based on the selected ductility demand and calculating the required period, stiffness and base shear. The drawback in their work was that the final design might not fulfil the required ductility level resulting in the need for iteration. Kim and Seo [6] proposed a displacement-based design procedure and evaluated it specifically for design of nonbuckling braces in steel structures. The overall procedure was similar to the previously mentioned algorithms. Christopoulos and Pampanin [7] based their work on limiting the permanent residual displacements after occurrence of the design earthquake. They developed inelastic design spectra for permanent deformations as a function of maximum elastic deformation and the fundamental period. Choi and Kim [8] suggested use of hysteretic energy and cumulative ductility spectra for seismic design and applied it to braced frames.
Priestley et al. [9] presented a direct displacement-based design using an effective period, a required ductility level and equivalent damping, and inelastic displacement spectra. Sahoo and Chao [10] presented a plastic design procedure based on seismic performance. Their methodology was different in the aspect that they began from assuming a desired plastic mechanism in the structure and determined the required strength for limiting the plastic hinge deformations, and the selected target displacement. A similar approach was also undertaken by Grigorian and Grigorian [11] in which they based their method on formation of plastic hinges primarily in beams, a uniform distribution of demand-capacity ratio in members, and a pre-selected distribution of story drifts. In similar works, Wongpakdee et al. [12] and Banihashemi et al. [13] presented seismic design procedures based on a known plastic mechanism. Vamvatsikos and Aschheim [14] proposed a yield frequency spectrum to calculate the story shear strength based on selected performance goals. The mentioned spectra give the seismic coefficient as a function of the required ductility for different hazard levels.
Among the seismic design codes, perhaps that of New Zealand [15] is the only code that is based on the desired ductility demand rather than the R-factor. Also, the document NEHRP 2009 [16] in each appendix uses the target displacement and desired ductility and plastic mechanism as a framework for performance-based design. The yield point spectrum is the main tool for determining the associated base shear in this method giving the yield strength based on the required ductility and period.
In summation, the existing methods for seismic design based on deformation or performance whether use the inelastic spectra based only on the fundamental mode, or utilize a plastic mechanism that is difficult to guess and develop. In this study, use of the plastic mechanism is put aside while inelastic acceleration spectra are developed and a modal procedure is proposed to determine the share of each mode in providing for the total ductility demand.
THE INELASTIC SINGLE DEGREE OF FREEDOM SYSTEM
To develop the inelastic acceleration spectra to be used in the later phases of this study, a single degree of freedom (SDF) system is considered. The inelastic action in this system is considered using a bilinear force-displacement path with a positive post-yield slope (Figure 1 ). Such a lateral behaviour is representative of systems with no considerable strength reduction up to large displacements specific to ductile seismic resistant structures not prone to P-Delta effects. A representative value of 0.03 is assumed for the post-yield to elastic stiffness ratio, α.
Figure 1: The bilinear force-displacement path.
The value assumed for α mostly represents steel structures. The lateral stiffness and strength of the above system are determined using its natural period and the desired ductility demand.
The load-deformation path presumed for the system does not make a limitation for the higher mode responses for two reasons. First, in most cases, response of the higher modes is limited in the first branch (linear) behaviour because the displacement amplitudes are much smaller in the higher modes. Second, the mentioned path only shows the overall behaviour of the whole system. In design, it is translated to nonlinear behaviour at the section level.
THE GROUND MOTION SELECTION AND PREPARATION PROCEDURE
Inelastic acceleration spectra are to be calculated for the system of Figure 1 using suitable earthquake ground motions. The seismic records are selected both within the near and far field motions separately to retain generality. They are assumed to have been recorded on firm ground (soil type B [16] ) and to have large enough magnitudes. Characteristics of the selected ground motions are listed in Tables 1 and 2 .
It is to be noted that when an earthquake recorded at several stations is encountered, only the one with the largest square root of sum of the squares (SRSS) of the peak ground accelerations (PGA's) in horizontal directions H1 and H2 is used to prevent bias. In the next step, the selected records are categorized based on their PGA's as of Table 3 . The records of each category are scaled such that their PGA is equal to the median PGA in each category. For averaging purposes, when number of records in a category is less than 7, it is accommodated with a necessary number of records borrowed from neighbouring categories with scaling. On the other hand, when both of the horizontal components of an earthquake exist in the same interval, the one with smaller PGA is removed. In total, 84 records are used for nonlinear dynamic analysis of the system of Figure 1 . 
RESULTS OF THE NONLINEAR DYNAMIC ANALYSIS
The maximum acceleration of the SDF system of Figure 1 is calculated under the scaled ground motions for the fundamental periods of 0.1-3.0 s with 0.1s increments and for the ductility demands 1-6 with increments of 0.5. This quantity can be thought of as being equivalent to Sa/R where Sa is the elastic maximum acceleration of the system. Therefore, this value can be used directly in the seismic design without use of R. The OpenSees software [18] is used for this purpose. The results are presented versus a PGA equal to the median PGA in each interval, system period, and ductility demand in Figure 2 .
The ductility demand is the ratio of the maximum displacement Δp to the yield displacement Δy in Figure 1 , while both of the mentioned deformations are unknown under a given earthquake. Therefore, since the design parameters are presented in Figs. 2 and 3 versus certain ductility demands, the nonlinear analysis has to be iterated in each case by changing Δy in order to reach at the selected ductility factor. Figure 2 shows that at a certain ductility level, the maximum acceleration response increases with PGA, as expected. Moreover, the acceleration response decreases with increasing ductility at a certain period and PGA. The response has a decreasing trend with increasing periods, which is usual.
It is to be noted that number of nonlinear dynamic analysis in producing Figure 2 is 27,720 consisting of analysis with 84 records for 30 periods at 11 levels of ductility.
In the next step, the maximum acceleration responses are averaged at each period for each PGA. This is justified because at least 7 records exist in each interval [16] . Then, the inelastic maximum acceleration responses at larger ductility are normalized to those corresponding to elastic response, i.e. unit ductility, for the same period and PGA. The ratio is called and is shown in Figure 3 . Values of are given in the appendix as Table A .11.
Figure 3: Ratio of the inelastic maximum acceleration responses to the corresponding elastic responses, .

Ductility=1.5
As observed in Figure 3 , is always smaller than 1 and decreases with increase of period and ductility, as expected.
THE PROPOSED MODAL ANALYSIS BASED ON DUCTILITY DEMAND
The essential requirement for implementation of the proposed method of directly using the maximum inelastic acceleration in design is determination of the ductility demand in each mode.
The equivalent approach in the code-based spectral analysis is calculating the spectral acceleration in each mode and dividing by the same R-factor in all of the important modes, as if extent of the nonlinear action is the same in various modes. This is only an approximate approach followed by the code for simplicity. However, in the current study concentration of inelastic action in the lower modes is considered using an energy approach as follows.
The total vibration energy at each time instant, E, can be written as the sum of kinetic and potential energies in Eq. (1):
in which u is the vector of modal deformations, and m and k are the mass and stiffness matrices. Also a dot represents a time derivation and the superscript T shows transpose of a vector/matrix. In modal analysis, the response vector u is decomposed into its mode shape vector and modal response amplitude q as follows:
Substitution of Eq. (2) in (1) results in the total energy being expressed in terms of the modal quantities as:
where the index i is the mode number, n is the total number of degrees of freedom (or deformation unknowns), and and are the modal mass and stiffness defined as follows:
where is the frequency of the i th mode. The vibration energy in the i th mode can be extracted from Eq. (3) as:
The maximum value of , or , can be calculated noting that:
̇=
where a subscript "max" refers to the maximum value, and are the i th mode spectral displacement and acceleration, respectively, and is the i th mode force participation factor calculated as:
and 1 is a column vector with the all entries equal to unity. Substituting Eqs. (6) and (7) in (5) results in:
or using Eq. (7):
where = 2 ⁄ is the effective mass of the i th mode. The modal energy ratio ER is introduced in this study as:
where is defined as sum of for i = 1,…, n. The value 2 in the denominators of Eqs. 8 and 9 are due to the facts that the maxima of displacement or velocity occur only when the other response is zero. If the seismic damage in a structure is introduced by a quantity called the damage index DI, it is assumed to be sum of the modal indices where is calculated by Eq. (11):
DI is an index usually varying between 0-1 with zero showing no damage and a unit value representing total damage or collapse of a structure. There are tens of equations proposed by different researchers for DI. Generally, these equations introduce DI as a function of ductility demand only or a combination of the ductility demand and plastic energy. A relation for DI containing only the ductility factor is more appropriate for the purposes of this study. Here, the equation proposed by Cosenza et al. [19] is utilized written as:
where and are the ductility demand and ductility capacity at collapse. In general:
where ∆ and ∆ are the lateral displacements at maximum response and at yield, respectively. The ductility demand depends on the target performance. For instance, reference [16] recommends to be taken as 2.4 for special moment frames performing at life safety that corresponds to an intermediate level of damage, the same level for which normal buildings are designed based on the seismic codes.
Finally, the modal ductility demand, , is calculated using Eqs. (11) and (12) as:
Using and the modal period = 2π⁄ , the acceleration response ratio ap is determined from Figure 3 for the i th mode and is called api. Then the modal base shear Vi is calculated from:
and is the acceleration of gravity. The equivalent lateral forces with the resultant are calculated using the conventional modal analysis and used for spectral analysis of structure according to the proposed method.
EXAMPLES OF APPLICATION
Application of the proposed method is explained through representative examples.
A 6-story special steel moment frame is considered. Four examples of this building are discussed. First it is taken as a regular building. In the second to the fourth examples, irregularity is introduced in the building respectively in the plan geometry, mass distribution in elevation, and arrangement of the load bearing systems. The general specifications of the buildings are as follows.
The structures are residential buildings resting on a firm soil (consistent with the selected earthquakes) in a highly seismic area. The plan dimensions of the regular building are 22×22 m with the number of bays being 4, thus each spanning 5.5 m. The story height is identically 3.5 m. The dead and live loads are 600kgf/m 2 including partitions and 200 kgf/m 2 , respectively. The R factor and the overstrength factor 0 for the code-based design are 5 and 2.8, respectively. The story plans and elevations are shown in Figure 4 .
The design spectrum for the location of the above buildings is assumed to be as Figure 5 , that is consistent with a firm soil site having high seismicity The beams and columns are selected to have I and box sections, respectively. The beams prove to be IPE200 to 400 sections and the columns are 220×220×15 to 280×280×20 mm in section dimensions. The specific requirements of the special steel moment frames and the limitation on the story drifts are followed in member sizing of the frames. The spectral analysis of the three-dimensional model of the above buildings with the mentioned R-factor and design spectrum results in the modal periods and base shears reported in Table 4 . Six initial mode shapes of the regular 6-story building are shown in the appendix. Figure 6 . Response spectra of the selected earthquakes.
In the proposed method, first, one needs the parameter PGA to be used in Figure 3 for calculating ap. The procedure used in this study is that consistent with the design spectrum of Figure  5 , earthquake records belonging to a highly seismic zone, say those listed under the PGA interval 0.55-0.65g in Table 3 , are picked up. The average response spectrum of this group of earthquakes is scaled such that in the period range of 0.2T1-1.5T1, where T1 is the fundamental period, it is not lower than the design spectrum. The average PGA of the selected group is multiplied by the scale factor and is used as the reference PGA for calculation of api at each modal period Ti. Application of the above procedure results in the response spectra of Figure 6 and a scale factor of 1.3. The parameter RSN in this figure stands for the Record Serial Number in the database.
Value of the modal ductility demand is also needed to fulfill this requirement. The following steps are taken to calculate for each mode. In Eq. (12) a value, say 0.5, is assumed for each DI consistent with the damage extent at the life safety level. The total ductility demand, μ, is assumed to be 2.4 according to the recommendation of [16] for this type of buildings. Then from Eq. (12) According to Tables 5-8 a large part of plastic action occurs in the lower modes, as expected. Figure 7 shows comparison of the modal base shears calculated by the proposed method and the code. The code-based base shear can be calculated using any desirable seismic code. But here it is simply determined using Eq. (15) without the coefficient and by dividing it by the Rfactor that is equal to 5 as stated at the beginning of this section.
It is observed that for DI=0.5, that is not necessarily consistent with the code, the first mode base shear is at most about 20% smaller and about 6% larger with the proposed method for the regular building and the one with non-perpendicular systems, respectively.
In order to compare the seismic behaviour of the designed buildings, a pushover analysis is performed. The target displacements are determined to be 44, 40.8, 44 and 35.7 cm for the buildings of Tables 5-8, respectively, according to ASCE41-13 [20] . Pushover analysis is sufficient for low and mid-rise buildings. As known, the pushover analysis is a strong and efficient method that can be used for seismic evaluation of buildings in that height range without concern. Figure 8 compares the pushover curves of the buildings. Figure 7 , the pushover curves of Figure 8 show that for DI=0.5, the lateral stiffness and strength of the buildings are somewhat inferior to the ones according to the code-based design. Table 9 shows number of plastic hinges and their performance levels according to ASCE41-13 [20] at the target displacement in different cases. The plastic hinges are of the concentrated type at the ends of the members. Characteristics of the bending plastic hinges of the steel beams and bending-axial force interaction plastic hinges for the steel columns have been extracted from ASCE41-13 [20] . Table 9 clearly shows that the current method is successful in providing a safe behaviour for special steel moment frames at life safety under the design hazard level.
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Figure 7: Comparison of the modal base shears, DI=0.5, for the buildings: (a) Regular; (b) With reentrance in plan; (c) With irregularity in elevation; (d) With non-perpendicular systems.
In Appendix A, results of analysis with the proposed method are shown also for DI=0.3 and DI=0.7 that correspond to smaller and larger extents of seismic damage, respectively. It is meant to show that how the method can be used for desirable values of the damage index.
CONCLUSIONS
In this paper a new method was presented for spectral analysis and design of structures based on ductility demand. For this purpose, inelastic acceleration response spectra were calculated for more than 27,000 combinations of PGA, ductility factor, and period. Then a method for calculation of design PGA and a procedure for determining the modal ductility demands for different modes were presented. Practical application of the proposed method was explained through solving several examples. Nonlinear static evaluation of the buildings designed according to the proposed method displayed that the level of structural damage is straightforwardly controllable with the suggested method contrary to the code-based conventional design. Implementation of the proposed method only needs (from eigen-value analysis), (from Eqs. 9 and 10), (from Eq. 11), (from Eq. 14), and (from Figure 3 or Table   A .11) to calculate (the modal base shear). On top of that, it is not an iterational procedure since the design base shear is dependent on the values of the ductility factor and the damage index selected by designer in the first place. This bears less calculations than the usual spectral analysis that needs to be repeated until the allowable story drifts are satisfied. Calculation of the modal base shears for the building with non-perpendicular systems (DI=0.3) . Calculation of the modal base shears for the regular building (DI=0.7) . Average of (ap) , μ=3.0
Figure A.2: Pushover diagrams of the buildings: (a) The regular building; (b) Building reentrant in plan; (c) Building with irregularity in elevation; and (d) Building with non-perpendicular systems.
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